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An  industrial  ﬁre  can  emit  hazardous  air  pollutants  into  the  surrounding  areas.
Both  on-  and  off-line  monitoring  are  needed  to study  air  pollution  from  ﬁres.
Back  trajectory  and  dispersion  modeling  can  trace  emission  sources  of  ﬁre-related  pollution.
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a  b  s  t  r  a  c  t
The  air  monitors  used  by  most  regulatory  authorities  are  designed  to track  the  daily  emissions  of con-
ventional  pollutants  and  are  not  well  suited  for measuring  hazardous  air pollutants  that  are  released
from  accidents  such  as  reﬁnery  ﬁres.  By  applying  a wide  variety  of  air-monitoring  systems,  including
on-line  Fourier  transform  infrared  spectroscopy,  gas  chromatography  with  a ﬂame  ionization  detector,
and  off-line  gas  chromatography–mass  spectrometry  for  measuring  hazardous  air pollutants  during  and
after  a ﬁre  at a petrochemical  complex  in  central  Taiwan  on May  12,  2011,  we were  able  to  detect
signiﬁcantly  higher  levels  of combustion-related  gaseous  and particulate  pollutants,  reﬁnery-related
hydrocarbons,  and  chlorinated  hydrocarbons,  such  as  1,2-dichloroethane,  vinyl  chloride  monomer,  andccident
etrochemical
dichloromethane,  inside  the  complex  and  10 km  downwind  from  the  ﬁre than  those  measured  during
the  normal  operation  periods.  Both  back  trajectories  and  dispersion  models  further  conﬁrmed  that  high
levels  of hazardous  air pollutants  in the neighboring  communities  were  carried  by  air mass  ﬂown  from
the  22 plants  that  were  shut  down  by  the ﬁre. This  study  demonstrates  that hazardous  air  pollutants  from
industrial  accidents  can  successfully  be identiﬁed  and  traced  back  to  their  emission  sources  by applying
ive  aa timely  and  comprehens
. Introduction
The production and use of chemicals is predicted to increase
orldwide, especially in developing countries and areas in which
he economy is in transition and where increased chemical extrac-
ion, processing, and use is closely tied to economic development.
lthough the release of chemicals from industrial processes is
arefully regulated to prevent any harm to people and the envi-
onment, it is more difﬁcult to control accidental releases from
hemical accidents such as explosions, gas or vapor leaks, ﬁres, and
pills of liquids or solids [1]. Despite an increased understanding of
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how accidents occur in the chemical processing industry, today’s
safety measures and indicators do not completely prevent these
types of accidents from occurring [2]. Health risks from toxic
emissions after major disasters, such as the chemical accidents
in Seveso, Bhopal, and Formosa [3–6], have caused public health
concerns for the residents and survivors in the disaster-affected
areas [7]. Empirical evidence linking such incidents to toxic emis-
sions is usually hampered by difﬁculties in identifying the actual
status of the environmental contamination after the accidents in
a timely fashion. The lack of timely and sufﬁcient environmental
monitoring immediately after such incidents is a major obstacle to
conducting sound health risk assessments of population exposures
[8]. The advancement of air-monitoring techniques in recent years
includes on-line remote sensors of open-path Fourier transform
infrared spectroscopy (OP-FTIR) [9–11] with a differential optical
absorption spectrometer (DOAS) [12,13], on-line gas chromatog-
raphy systems [14–17], and off-line sampling canisters with gas
chromatography–mass spectrometry (GC–MS) [18,19], which have
overcome existing technical barriers and have made it possible for
reserved.
 Hazar
r
f
T
c
c
t
m
C
s
t
c
o
f
p
e
n
o
h
2
2
s
Y
f
r
p
s
M
a
a
o
t
a
s
2
ﬁ
b
5
w
d
i
r
w
2
a
a
(
l
p
p
(
c
a
(
c
o
m
tR.-H. Shie, C.-C. Chan / Journal of
esearchers to conduct comprehensive assessments of air pollution
ollowing disasters.
The No. 6 Naphtha Cracking Complex is situated in Mailiao
ownship in central Taiwan and is owned by the Formosa Petro-
hemical Corporation. It is a major production facility for fuels and
hemicals in Taiwan. Since the complex began operation in 1996, a
otal of 21 major accidents have been documented by the Environ-
ental Protection Bureau of Yunlin County at the No. 6 Naphtha
racking Complex. In most cases, the air pollution status of the
urrounding area was not successfully determined by the regula-
ory authorities after these accidents due to limited air-monitoring
apabilities.
One notable exception was the large ﬁre incident that occurred
n May  12, 2011, which we use to demonstrate how we  success-
ully quantiﬁed hazardous air pollutant levels from the plant by
artnering with regulatory authorities and applying a wide vari-
ty of air-monitoring systems, including an existing air-monitoring
etwork, on-line Fourier transform infrared spectroscopy (FTIR),
ff-line GC–MS, and a portable meteorological station to measure
azardous air pollutants during and after the accident.
. Materials and methods
.1. Study areas
As shown in Fig. 1(a), the No. 6 Naphtha Cracking Complex is
ituated on the west coast of central Taiwan in Mailiao Township,
unling County, Taiwan, comprising a total area of 2603 ha. This
acility houses 64 plants within a single complex, including oil
eﬁneries, naphtha cracking plants, co-generation plants, coal-ﬁred
ower plants, heavy machinery plants, boiler plants, and down-
tream petrochemical-related plants [20]. As shown in Fig. 1(b),
ailiao Township (to its east) and Taishi Township (to its south)
re 2 neighboring areas of this complex, which together contained
pproximately 61,600 residents within a total area of 134 km2 as
f 2012 [21]. Various air quality-monitoring sites within these 2
ownships that provide air pollution data for tracing hazardous
ir pollutants from the complex to the neighboring areas are also
hown in Fig. 1(b).
.2. The ﬁre on May  12, 2011
At 20:40 p.m. on Thursday, May  12, 2011, there was a large
re at the No. 6 Naphtha Cracking Complex. The ﬁre was caused
y a liqueﬁed petroleum gas (LPG) fuel leak, which consisted of
0% propane and 50% butane escaping from the pipelines. The ﬁre
as extinguished at 5:45 a.m. on Friday, May  13, 2011. This acci-
ent forced 22 plants near the ﬁre or that were fueled by LPG to
mmediately shut down their production facilities. The raw mate-
ials and major products from the 22 affected chemical plants that
ere shut down during the incident are listed in Table 1. These
2 chemical plants include the naphtha cracking plant 1 (OL1),
romatic plant 1 (ARO1), styrene monomer plants 1 and 2 (SM1
nd SM2), ethylene vinyl acetate plant (EVA), acrylonitrile plant
AN), high-density polyethylene plant (HDPE), methyl methacry-
ate plant (MMA), epichlorohydrin plant (ECH), polycarbonate
lant (PC), isooctanol plant (2EH), acetic acid plant (AA), C4 oleﬁn
lant (C4), vinyl chloride monomer plant (VCM), polystyrene plant
PS), acrylonitrile-butadiene-styrene plant (PS/ABS), ethylene gly-
ol plants 1 and 2 (EG1 and EG2), bisphenol A plants 1 and 2 (BPA1
nd BPA2), epoxy resin plant (EPOXY), hydrogen peroxide plant
H2O2), and the 1,4-butylene glycol plant (14BG). The production
apacities of these chemicals are in the range of tens to millions
f tons per year. After the accident, most of the remaining raw
aterials and products contained in the pipes and vessels from
hese plants were transferred to 10 gas ﬂare sets for emergencydous Materials 261 (2013) 72– 82 73
release, which included AA, AN, ARO, 2EH, EVA, DEHP, OL, PC, PS,
and SM and which lasted for 1 day. The locations of these 22 chem-
ical plants, the origin of the ﬁre, the sites of the 10 ﬂares, and the
downwind sampling sites around the ﬁre inside the complex are
shown in Fig. 1(c).
2.3. Air quality-monitoring methods and locations
2.3.1. Existing air quality-monitoring network
A ﬁxed-site air-monitoring station was  previously installed
at the Taishi Township Library by the Taiwan Environmen-
tal Protection Administration (TEPA) in 1993 (http://taqm.
epa.gov.tw/taqm/en/b0101.aspx). Air quality monitors were
installed on the roof of the building, and the roof is approximately
11 m high with air inlets at approximately 4.5 m above the roof.
This station was the only air-monitoring post near the complex
that was available for evaluating the emissions of pollutants of
interest and their contribution to the deterioration of air quality
for the approximately 61,600 residents of Mailiao and Taishi (over
an area of 134 km2) in 2012 [21]. Hourly concentrations were con-
tinuously measured at the Taishi station using a ﬂame ionization
detector for total hydrocarbons (THC) and nonmethane hydrocar-
bons (NMHC), a non-dispersed infrared adsorption analyzer for
carbon monoxide (CO), an ultraviolet ﬂuorescence analyzer for
sulfur dioxide (SO2), chemiluminescence for nitrogen monoxide
(NO) and nitrogen dioxide (NO2), and a -ray attenuation method
for PM10. The hourly wind speeds and wind direction were also
measured at this ﬁxed-site monitoring station. The hourly wind
speeds were measured with cup anemometers (Model 014A, Met
One Instruments, Inc., Grants Pass, USA), and the wind direction
was measured using a wind vane (Met-One Model 024A, Met  One
Instruments, Inc., Grants Pass, USA).
TEPA also set up a Photochemical Assessment Monitoring
Station (PAMS) at the Taishi Township Library to measure
the hourly concentrations of 56 hydrocarbons (http://taqm.epa.
gov.tw/taqm/en/b0104-4.aspx), including C2–C12 alkanes, alkenes,
and aromatics, with an on-line gas chromatograph-ﬂame ioniza-
tion detector (auto GC/dual FID, PerkinElmer, USA) beginning in
May  2007. More details concerning the on-line GC-FID system, the
VOC analyses, and the quality control and assurance procedures
have been provided in previous publications [22,23].
2.3.2. Improved air-monitoring campaign
A variety of air-monitoring instruments were deployed before
and during the accident to evaluate the air toxin levels inside and
downwind of the complex.
2.3.2.1. Canisters with GC/MS around the ﬁre. Volatile organic com-
pound (VOC) monitoring was performed using the 6 L fused
silica-lined canister sampling technique (Model 29-10622G, Entech
Instruments, Inc., Simi Valley, CA, USA) with a pre-concentration
system (Entech 7100 cryogenic sample pre-concentrator, Entech
Instruments, Inc.) and GC–MS (Agilent 7890A GC and 5975C MS,
Agilent Technologies, Inc., Santa Clara, CA, USA) to trace the lev-
els of hazardous air pollutants inside the complex immediately
after the ﬁre. Spot air samples were collected from 5 locations
downwind of the ﬁre from 21:20 to 23:30 on May  13, 2011 and
were later analyzed using the US EPA TO-15 method [24] to quan-
tify certain potential hazardous air pollutants related to the ﬁre,
such as vinyl chloride, 1,2-dichloroethane, 1,3-butadiene, acryloni-
trile, and vinyl acetate, which were not readily measured by the
PAMS.2.3.2.2. Mobile PAMS and OP-FTIR at downwind locations. A mobile
Photochemical Assessment Monitoring Station (MPAMS) was
moved to Mailiao Elementary School in the Haifong District to
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easure the VOCs in Mailiao where the petrochemical complex
s located. An on-line air quality-monitoring system using OP-
TIR spectroscopy (Model 5000, AirSentry open-path FTIR, Cerex
onitoring Solutions, LLC., Atlanta, GA., USA) was installed at the
unfen Elementary School in Taishi Township beginning on May
, 2011 to detect hazardous air pollutants that were not readily
easured by the MPAMS. The AirSentry open-path FTIR contained
 mercury-cadmium-telluride detector with an automated Stir-
ing engine cryocooler, resolved to 1 cm−1, and detected molecules
hose infrared spectra ranged from 500 cm−1 to 4500 cm−1. A
otal of 64 interferograms was integrated for each spectrum
cquired within 5 min, which were used to calculate the path
verage concentrations and average concentrations. The 5 minexisting and improved air-monitoring networks in the neighboring townships, and
omplex.
average concentrations of hazardous air pollutants were continu-
ously measured at a path length of 89 m while facing northward
toward the complex using the US EPA TO-16 method [25]. The
gaseous pollutants were identiﬁed and quantiﬁed using Ir-View
analysis software and the U.S. EPA quantitative reference spectra
library. A portable meteorological station was located near the FTIR
spectrometer to record the wind speed and wind direction mea-
surements. The wind speed was  measured using cup anemometers,
and the wind direction was measured using a wind vane, which
recorded data in 5 min  increments (Portable Weather Logger, Rain
Wise, Inc., Maine, USA) approximately 3 m above the roof on a
tripod. The detected air pollutants and related monitoring instru-
ments in this study are shown in Table 2.
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Table 1
Raw materials and major products of the 22 manufacturing plants that were shut down by the May  12 ﬁre at the No. 6 Naphtha Cracking Complex in Mailiao, Taiwan.
Plants Abbreviations
of plant
Raw materials Major products Capacity (10,000 Tons
per year)
FLARE
Naphtha Cracking Plant 1 OL1 Naphtha Ethylene/propylene/1,3-butadiene 70/35/10.9 OL
C4  Oleﬁn Plant C4 C4 rafﬁnate MTBE/1-butene 17.4/3.2 OL
Aromatic Plant 1 ARO1 Naphtha Benzene/p-xylene, o-Xylene/m-xylene 30/30/15/10 ARO
Styrene Monomer Plant 1,2 SM1,2 Benzene, ethylene Styrene monomer 70 SM
High-Density Polyethylene Plant HDPE Ethylene High-density polyethylene 35 EVA
Ethylene-Vinyl Acetate Plant EVA Ethylene, vinyl acetate Ethylene-vinyl acetate 24 EVA
Acrylonitrile Plant AN Propylene, nitrogen Acrylonitrile 28 AN
Methyl Methacrylate Plant MMA  Propylene Acrylate acid Methyl methacrylate 9.8 AN
Epichlorohydrin Plant ECH Ethylene Epichlorohydrin 10 AN
Acetic  Acid Plant AA Methanol, carbon oxide Acetic acid 30 AA
Polycarbonate Plant PC Bisphenol A, phosgene Polycarbonate 20 PC
2-Ethylhexanol Plant 2EH Propylene 2-Ethylhexanol 20.74 2EH
Plasticizer Plant DEHP 2-Ethylhexanol Phthalic
anhydride
Di-2-ethylhexyl phthalate 35 DEHP
PABS  PS/ABS Styrene PS/ABS/PBT 18/14/3 PS
Vinyl  Chloride Monomer Plant VCM 1,2-Dichloromethane Vinyl chloride monomer 80
Ethylene Glycol Plant 1,2 EG1,2 Ethylene Ethylene glycol 72
Bisphenol A Factory BPA1,2 Phenol Bisphenol A 42
Epoxy  Resin Epoxy Ethylene Epoxy 16
1,4-Butylene Glycol Plant 14BG 1,3-Butadiene 1,4-Butylene glycol 10
Hydrogen Peroxide Plant H O Hydrogen, oxide Hydrogen peroxide 2
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A: acetic acid; ABS: acrylonitrile butadiene styrene; AN: acrylonitrile; ARO: aro
ethyl  tert-butyl ether; OL: oleﬁns; SM:  styrene monomer; PS: polystyrene.
.4. Air ﬂow modeling
Both the back trajectory method and dispersion models were
sed to identify trends in the transportation of the hazardous air
ollutants from the location of the ﬁre to Taishi and Mailiao Town-
hips after the accident. Usually back trajectories are calculated by
sing modeled reanalysis data, which allows us to see path of the air
 couple of days back. For shorter distances, wind direction alone is
ften precise enough to describe the sources [26–28]. In this study,
he back trajectory method employed a short time period for deter-
ining the average air quality and meteorological data, which were
hen used to locate the local sources of air pollution. The back tra-
ectories were calculated from the 5 min  average wind speed and
irection data that were observed at the portable meteorological
tation at Lunfen Elementary School. The following equations were
sed to estimate the direction of the pollution sources [29], in which
s and wd represent the wind speed and wind direction, respec-
ively, with the x and y coordinates of the wind velocity at time ti:
i = xi−1 + t  × wsi × cos(radians(mod(450 − wdi, 360)) (1)
i = yi−1 + t  × wsi × sin(radians(mod(450 − wdi, 360)) (2)
Considering complex coastal environment with a synop-
ic setup and coastal local circulations that can inﬂuence
ack-trajectory analysis from a single point and height, we
pplied a web-based HYSPLIT (HYbrid Single-Particle Lagrangian
ntegrated Trajectory) dispersion model of the U.S. National Ocean
nd Atmospheric Administration (NOAA) and the global wind data
able 2
roperties of pollutant measurement methods in ambient air.
Methods Monitoring systems Measurement In
Existing AQMS THC/NMHC CO Ho
NO, NO2 Ec
SO2 Ec
PM10/PM2.5 VE
PAMS 56 hydrocarbons Au
Improved GC–MS VOC En
OP-FTIR VOCs Op PP: polypropylene; PBT: polybutylene terephthalate; PC: polycarbonate; MTBE:
from the National Centers for Environmental Prediction (NCEP)
[30], which is publicly available via NOAA ARL READY Website
(http://ready.arl.noaa.gov/HYSPLIT.php), to verify our ﬁndings
from the back trajectory method [31,32].
The spatial relationships of the No. 6 Naphtha Cracking Complex
ﬁre to Yunlin County and Lunfen Elementary School were deter-
mined using the Universal Transverse Mercator (UTM) coordinate
system (Fig. 1(c)). A geographic information system (GIS) coordi-
nate map  was  generated using the open-source geospatial software
Quantum GIS 1.74 (http://www.qgis.org/) to show the ﬁre loca-
tion and the arrangements of the petrochemical complex, the 5
downwind sampling locations, the 7 major roads, and the residen-
tial areas within Mailiao and Taishi Townships. The back trajectory
and dispersion GIS maps were generated with Surfer 9.0 (Golden
Software, Inc.).
3. Results
3.1. Combustion-related air pollutants by air quality-monitoring
network
The existing air-monitoring stations reported increased levels
of several combustion-related gaseous and particulate pollutants,
including THC, NMHC, CO, SO2, NO2, NO, PM2.5, and PM10 from May
12 to 13, 2012. As shown in Fig. 2(a) and (b), the concentrations
of the incomplete combustion pollutants THC, NMHC, and CO ﬁrst
peaked at 23:00 on May  12, while the concentrations of the com-
plete combustion pollutants SO2 and NO2 ﬁrst peaked at 0:00 on
May  13. The peak concentrations of these pollutants coincided with
struments
riba APHA-360
otech Model 9841B, USA
otech Model 9850B, USA
REWA-F701-20, Germany
to GC/dual FID, PerkinElmer, USA
tech 7100 cryogenic sample pre-concentrator/7890A GC and 5975C GC/MS, USA
en Path FTIR, CEREX, USA
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tation  (AQMS) at Taishi Library at 06:00, May  12-17:00, May  13, 2011.
he wind blowing from the complex toward the Taishi monitoring
tation at 334 degrees, as shown in Fig. 2(d). The hourly concen-
rations were 2.5 ppm for THC, 0.5 ppm for NMHC, and 0.4 ppm
or CO at 0:00 a.m. on May  13, which had increased from 1.8 to
.1 ppm for THC, 0.00–0.07 ppm for NMHC, and 0.14–0.23 ppm
or CO on the previous day. The contrast was even greater for
O2 and NO2, with hourly concentrations of 8.4 ppb for SO2 and
3.0 ppb for NO2 at 01:00 a.m. on May  13 in comparison to a range
f 0.5–2.0 ppb for SO2 and 0.3–6.6 ppb for NO2 on the previous
ay.
Fig. 2(c) shows the temporal patterns of the combustion-related
articulate pollutants PM2.5 and PM10. The concentrations of these
 pollutants peaked after 8:00 a.m. on the day following the ﬁre,
hich was similar to the second peak concentrations of SO2 and
O2. The hourly concentrations reached 54 g/m3 for PM2.5 and
1 g/m3 for PM10 at 16:00 p.m. on May  13, compared to a range
f 16–30 g/m3 for PM2.5 and 20–42 g/m3 for PM10 prior to the, and (d) wind speed and direction measured by the existing air quality-monitoring
ﬁre. It should be noted that the peak concentrations coincided with
the wind blowing from the complex toward the Taishi monitoring
station at speeds above 5 m/s, as shown in Fig. 2(d).
3.2. Reﬁnery-related hydrocarbon analysis by PAMS
In the meantime, 2 on-line air-monitoring systems detected sig-
niﬁcant increases in the pollution levels of process-related VOCs,
alkanes, oleﬁns, and aromatics at the 2 downwind townships of
Mailiao and Taishi for a period of 19 h after the ﬁre, as shown
in Fig. 3. The concentrations of these process-related VOCs in the
2 downwind townships were all elevated concurrently with the
increase in measured VOC levels inside the complex for the ﬁrst
2 h and the temporal pattern of THC measured at the Taishi station
for approximately 2 days. The LPG-related hydrocarbons propane
and butane were detected at the highest concentrations among all
C2–C9 alkanes during the 2 peak concentration periods measured
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Fig. 3. Temporal trends of speciated VOCs for (a) alkanes, (b) oleﬁns, and (c) aromatics that were measured by the ﬁxed PAMS at Taishi Library and (d) alkanes, (e) oleﬁns,
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tnd  (f) aromatics measured by the MPAMS  at Mailiao Elementary School in the Hai
y the PAMS and MPAMS, as shown in Fig. 3(a) and (d). Excep-
ionally high levels of propane and butane were detected at the
AMS, with concentrations of 7.2 ppb for propane and 6.4 ppb for
utane at 00:20 on May  13. Before the ﬁre accident, the levels of
ropane and butane are the ranges of 0.2–1.0 ppb and 0.2–1.1 ppb.
thylene, which is a major product of petrochemical manufactur-
ng, was reported at the highest concentrations among the 3 oleﬁns
uring the 2 peak concentration periods measured by the PAMS
nd MPAMS, as indicated in Fig. 3(b) and (e). Exceptionally high
evels of ethylene were detected, with concentrations of 28.4 ppb
t the PAMS and 56.7 ppb at the mobile PAMS. Before the ﬁre acci-
ent, ethylene concentrations were in the range of 0.3–2.8 ppb. The
azardous air pollutants toluene and benzene were detected at the
ighest concentrations among 5 measured aromatics during 2 peak
oncentration periods, as shown in Fig. 3(c) and (e). Exceptionally
igh levels of toluene and benzene were detected at the PAMS,
ith concentrations of 2.7 ppb for toluene and 1.7 ppb for ben-
ene at 10:00 on May  13. By contrast, toluene concentrations were
.1–1.7 ppb and benzene concentrations were 0.1–0.3 ppb before
he ﬁre accident.istrict from 06:00, May  12-17:00, May  13, 2011.
3.3. Hazardous air pollutants measured by canisters with GC/MS
and OP-FTIR
Fifteen volatile organic compounds from 7 chemical groups
were detected at 5 air sampling sites near the epicenter of the ﬁre
inside the complex during the ﬁrst 2 h (Table 3). Many of them
were either raw materials or products from the 22 manufacturing
plants affected by the ﬁre. Benzene and toluene were from aromatic
plant 1; acrylonitrile was from the ABS plant and the AN plant;
acetonitrile was from the carbon ﬁber plant; vinyl chloride, 1,2-
dichloromethane, and dichloroethane were from the VCM plant;
and ethylene was from the OL1/ABS and EVA plants. Exceptionally
high levels of vinyl chloride monomer, 1,3-butadiene, and ben-
zene, all of which are group 1 carcinogens, were detected at the C3
sampling location (Fig. 1(c)) inside the complex after the ﬁre, with
concentrations of 389.0 ppb for VCM, 35.1 ppb for 1,3-butadiene,
and 21.0 ppb for benzene at 22:20 on May  12 when the wind was
blowing from the west to the east.
Fig. 4 shows the results of VCM, ethylene, and propyl-
ene FTIR measurements from Lunfen Elementary School. Their
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Table 3
Air quality-monitoring results from near the ﬁre by GC–MS (in ppb).
Class Compound Potential
emission plants
Sampling locations, time, wind direction, and concentration (ppb) Air quality
standard (ppb)
C1 21:20 SW C2 21:50 S C3 22:20 W C4 23:30 NW C5 23:30
NW
Aromatic Toluene ARO1 4.7 3.8 10.0 5.2 18.9 2000
Benzene ARO1 1.7 3.8 21.0 0.8 1.7 500
Nitrile Acrylonitrile ABS/AN ND 0.7 21.6 5.7 ND 40
Acetonitrile CF 0.4 ND 1.5 1.1 1.3 2
Chlorinated hydrocarbons 1,2-Dichloroethane VCM 3.6 3.5 629.0 38.1 4.2 200
Vinyl chloride VCM 3.3 11.9 389.0 57.2 2.8 200
Dichloromethane VCM 16.3 21.5 8.2 31.9 38.7 1000
Alkene 1,3-Butadiene OL1/ABS 4.3 11.9 35.1 ND 2.9 100
Alkane Propane Pipeline 14.5 22.2 106.0 7.7 97.6 20,000
Pentane Flare 2.4 4.9 14.2 4.0 3.0 12,000
Hexane Flare 1.5 3.1 6.9 1.7 41.4 1000
Esters  Vinyl acetate EVA ND ND ND ND 39.0 200
Carbonyls Acetone CF 2.3 3.4 4.1 5.5 15.6 15,000
Acrolein CF ND 0.4 1.9 ND 1.2 2
2-Butanone 12.2 8.1 5.8 8.0 33.4 4000
Air quality standard: Stationary pollution source air pollutant emissions standards at peripheral boundary promulgated by Taiwan Environmental Protection Administration,
last  revision on September 11, 2007 (http://law.epa.gov.tw/en/laws/631743675.html).
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oncentrations ﬁrst peaked from 23:45 on May  12 to 01:22 on May
3, with 110.0 ppb for VCM, 103.7 ppb for ethylene, and 52.4 ppb for
ropylene. There was a second increase in ethylene concentration
t 08:25, which lasted until 17:00 on May  13 (Fig. 4(b)).
.4. Trajectory movements of hazardous air pollutants
Two trajectories were generated every 5 min  from 22:20 to
3:45 on May  12 and 6:25 to 8:25 on May  13 for air mass paths at
unfen Elementary School. These two trajectories described the air
ass paths back from the Lunfen Elementary School to the indus-
ry complex at 85 min  prior to 23:45 on May  12 and 115 min  prior
o 8:25 on May  13. As shown in Fig. 5(a), the air mass of the ﬁrst
rajectory had passed the sampling location with the highest VCM
evels that were measured at 22:20 on May  12 inside the complex
C3 sampling location), followed a path 185 degrees south from
he C3 sampling location, made the ﬁrst turn at 22:30 from 195
egrees to 355 degrees, made a turn at 23:20 from 334 degrees
o 275 degrees, reversed at 23:25 from 275 degrees to 87 degrees
nder land breeze conditions, and ﬁnally reached the Lunfen Ele-
entary School at 23:45. As shown in Fig. 5(b), the air mass of the
econd trajectory had passed near the epicenter of the ﬁre at 06:25
n May  13 inside the complex, followed a path at 3 degrees south
rom the ﬁre origin, made the ﬁrst turn at 7:35 from 5 degrees to 59
egrees, reversed the turn at 7:55 from 85 degrees to 275 degrees
nder sea breeze conditions, and ﬁnally reached Lunfen Elementary
chool at 08:20.
Fig. 6 shows the spatial distributions of the two model-predicted
lumes from the ﬁre location inside the petrochemical complex at
05 minutes after 22:40 on May  12 (Fig. 6(a)) and 7:45 on May  13
Fig. 6(b)) based on the US NOAA ARL HYSPILT dispersion model
nd meteorological data of global data assimilation system (GDAS-
). Each of these two plumes covered the periods with elevated
CM concentrations since 00:25 on May  13 and elevated ethyl-
ne concentrations since 08:25 on May  13 measured at Lunfeng
lementary School.
. DiscussionThis study demonstrated the potential impact of hazardous
ir pollutants on the areas surrounding a reﬁnery after a ﬁre.
hese impacts were assessed by applying a comprehensiveair-monitoring campaign with both on-line and off-line air-
monitoring instruments during and after the ﬁre occurred. We
better characterized hazardous air pollutants emitted from the
manufacturing plants and processes following an LPG-initiated
ﬁre by deploying 5 off-line canisters coupled with GC–MS around
the epicenter of the ﬁre and covering the downwind period for
approximately 3 h during the ﬁre. This canister spot sampling time
allowed for sensitive GC–MS analysis to detect key hazardous air
pollutants from the ﬁre, including 1,2-dichloroethane, VCM, and
dichloromethane.
We assessed the impacts of hazardous air pollutants on a wider
area over time using on-line OP-FTIR and PAMS to show that con-
centrations of VCM, benzene, and toluene were elevated during
the 16 h of the ﬁre’s main effects at a distance of up to 10 km from
the epicenter of the ﬁre. The potential public health impact of haz-
ardous air pollutants cannot be overlooked for the 61,000 residents
living downwind and within a 10 km radius from the ﬁre. The actual
number of residents affected by the ﬁre may have been greater
than 61,000, which could have been measured with more on-line
air-monitoring instruments to measure hazardous air pollutants at
more sampling locations.
The resolution of the air-monitoring instruments is also impor-
tant because it is necessary for tracking the paths of hazardous
air pollutants released from industrial ﬁres. Using on-line OP-FTIR
to monitor VCM, ethylene, and propylene at a 5 min resolution,
we were able to gather enough data points to use back trajectory
modeling for tracking the ﬁre emissions from the measured concen-
trations at the Lunfen Elementary School, an off-site location, back
to the potential emission sources inside the petrochemical com-
plex. The predicted plumes from HYSPLIT dispersion models also
coincided with elevated concentrations of hazardous air pollutants
measured by on-line instruments. Our models revealed that the 2
peak periods of hazardous air pollutants measured at the Lunfen
Elementary School could both be traced back to the complex areas,
even though the wind directions at the 2 peak times differed. The
wind direction of the ﬁrst peak at 22:10–23:45 on May  12 was
87 degrees, while the direction of the second peak at 6:25–8:20 on
May  13 was 27 degrees. Air-monitoring instrument time resolution
must be tuned to the shortest possible time segment to produce
meaningful air pollution measurements with fast-changing wind
directions during an industrial ﬁre. This requirement is especially
important for areas where wind directions vary frequently by
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ea–land breeze. [33,34]. Our ﬁndings also demonstrate a need to
eport meteorological information concurrently and at the same
ocations where air monitoring is conducted if air ﬂow modeling
ill be performed to best trace emission sources.
Hourly data were reported using the existing air quality-
onitoring network to address speciﬁc air pollutants and ozone
recursors, and although it was insufﬁcient for detecting haz-
rdous air pollutants from the ﬁre, it was still useful for identifying
he peak hours of air pollution after the ﬁre through long-term
rend analyses for the air pollutants of interest. In this study, thesured by the OP-FTIR at Lunfen Elementary School from 06:00, May  12-17:00, May
combustion-related air pollutants, such as THC, NMHC, CO, SO2,
NO2, NO, PM2.5, and PM10, were found to affect air quality in
the residential areas for at least 2 days. However, one deﬁciency
of the existing air-monitoring network is that it cannot provide
information concerning combustion-related organic and inorganic
components, such as polycyclic aromatic hydrocarbons (PAHs),
metals, ions, and acids within particulate matter or polluted air
[35,36]. Therefore, we  may have underestimated the public health
impacts of this industrial ﬁre by relying only on the existing air-
monitoring network that is run by most regulatory authorities [37].
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Fig. 5. Air mass back trajectories of 5 min  wind speed and direction measurements from (a) 22:20 to 23:45 on May  12 and from (b) 6:25 to 8:20 on May 13 as observed at
Lunfen  Elementary School.
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Fig. 6. The spatial distributions of the two model-predicted plumes from the ﬁre location inside the petrochemical complex (a) 105 min  after 20:40 on May  12 (1240 UTC
MAY  12 2011) (b) 105 min  after 7:45 on May  13 (2345 UTC MAY 12 2011).
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. Conclusions
The ﬁre at the petrochemical complex in central Taiwan on
ay  12, 2011 emitted the highest levels of combustion-related
aseous and particulate pollutants, reﬁnery-related hydrocarbons,
nd chlorinated hydrocarbons, such as 1,2-dichloroethane, vinyl
hloride monomer (VCM), and dichloromethane, inside the com-
lex and 10 km downwind from the ﬁre. We  also conﬁrmed that
igh levels of hazardous air pollutants were measured in the neigh-
oring communities, which could be traced back to emissions from
2 plants that were shut down by the ﬁre. Our ﬁndings imply
hat timely and comprehensive air monitoring is essential for trac-
ng air pollution from industrial accidents. Air monitoring should
egin at the onset of the ﬁre and last for at least 2 days afterwards
t locations inside the factory and off-site at areas up to 10 km
ownwind. In addition, the instruments needed for such com-
rehensive air monitoring should include at a minimum on-line
TIR for VOCs, GC-FID for THC/NMHC, off-line GC–MS for chlori-
ate VOCs, air-monitoring networks for regulated air pollutants and
zone precursors, and a portable meteorological station.
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